After paying tribute to the ground-breaking invention of the tactile alphabet by Louis Braille, the paper describes the technological development of so-called refreshable Braille-Displays in significant steps from the late 1970s up till now. Despite quite many R&D efforts over these 40 years, all Braille-Displays presently available on the market in principle follow the same construction scheme as disclosed by Tetzlaff in 1981: Piezo-electric benders which move small pins up-and down [1] . In order to overcome several drawbacks of the classical solutions, we propose and investigate a radically new approach, where different combinations of rigid tactile points are placed on the surfaces of rotating cuboids which are arranged inside of a rotating cylinder. The lower half of the cylinder resembles the reading area for the finger, whereas a group of a few actuators by rotating said cuboids produces new text-content in the upper half. This can result not only in a complete new way of mobile and reasonably priced Braille reading equipment but also in a revival of Braille worldwide.
Introduction
When the French teacher, Louis Braille, developed a tactile system of dots to enable his blind students to read and write, he probably had little understanding of how his invention would positively impact literacy among blind people worldwide. With just six tactile dots, arranged in a 2 Â 3 matrix, it became possible for blind people to gain literacy, do complicated math and read music notation, among many other things.
Today access to digitally provided text for blind and severely visually impaired people can be achieved in three ways: (i) Printing on thick paper to produce traditional hardcopy Braille, (ii) converting the text into synthetic speech (TTS, speech synthesizer) or (iii) using so called "refreshable Braille-Displays" from which the dot patterns of the Braille characters can be read with the fingertip.
It has to be mentioned that Braille is not a language but a font consisting of 63 different characters (for 6-dot Braille) or 255 characters (for 8-dot Braille)not counting the "white space". For this reason Braille can be used for any language on earth as well as for Mathematics, Chemistry, Music and much more. Thus, the requirements for Braille in general and for Braille-Displays in particular have to fulfil the demands of a global market and a "one-size-fits-all" strategy will not necessarily be the best one. Nevertheless, a dot-to-dot spacing of about 2.5 mm and a minimum force of 200 mN (for a single pin pressing against the skin of the fingertip) are readily agreed upon as quasistandards. What is even more important, above all other mechanical considerations, is the fact that the best and most precise tactile stimulation can only be achieved by sliding the finger across the Braille reading area. Raising and lowering pins beneath a static resting fingertip will not do satisfactorily [2] .
A Historic Review of Braille-Displays
Despite all R&D efforts of the past decades, up to now only two technologies for building refreshable Braille-Displays have found their way onto the market.
Electromagnetic Actuators (Solenoids)
Realistic electromagnetic Braille-Displays using solenoid plungers or electromagnetic flappers were first disclosed as early as 1973 e.g. by Lindenmüller and Schönherr [3] , but there are still recent publications which try to come up with improvements [4, 5] . Solenoids either need a lot of space and energy to produce sufficient forces or will, when miniaturized to fit beneath the footprint of a single Braille-dot, only provide low forces making latching mechanisms necessary ( Fig. 1, left [3] ).
Piezo-Electric Actuators
Piezo-electric actuators (bimorph benders) for Braille-Displays were introduced in 1979 by Tetzlaff [1] and still constitute the operating principle of all present commercially available Braille-Displays ( Fig. 1, right) . [3] ; Right: piezo-electric benders [1] Presently used technologies have some significant drawbacks such as low forces, relatively big volumes, considerable sensitivity to dirt and moisture and especially high manufacturing and service costs. The search for better alternatives was immediately undertaken. A literature search in 2018 for improvements and alternative technologies revealed about 1,000 patents which match "Braille + Display" and also at least the same number of research papers. The main strands of R&D deal with actuator technology, ways to reduce the number of actuators, or tactile stimulation methods which avoid actuators completely by direct stimulation of the fingertip's skin.
Alternative Actuators for Forming Single Braille-Dots
• Shape Memory Alloys (SMA) are materials which are able to "remember" their shape (length, bending) prior to a deformation and return to this shape after heating. Thus pairs of wires or coils of SMA can be used for moving a Braille-pin up and down. Material fatigue turned out to be the main problem [6] . • Thermal processes like in a steam engine e.g. by heating a small volume of paraffin and using the resulting expansion to drive a pin were proposed by [7] . Drawbacks are heat dissipation and low response times especially for the cooling phase. • Electro Active Polymers (EAP) change their shape when exposed to an electric field. Promising research is under way [8] but without significant breakthroughs. • Optical/chemical processes like the expansion of liquid crystal carbon nanotube (LC-CNT) when exposed to light stemming from single LEDs or from an entire display surface (tablet-PCs) are proposed by [9] . • Micromachines (MEMS) which can be mass-produced by stereo-lithography are a promising approach to build thermal or ultrasound motors [10] able to move Braille-pins even to different heights, but not yet ready for commercialization. • Pneumatic or hydraulic drives: Here holes or other cavities are sealed with an elastic film. Raising the pressure in the cavity (by air-or fluid-pressure) will cause the film to form a bubble (blister) which will resemble a single Braille-dot [11] . Often so called Electro-Rheological Fluids (ERF) are used which change from low to high viscosity when an electric field is applied. Thus flow and pressure for forming the "bubbles" can be controlled just by electric fields instead of expensive and complicated mechanical valves [12] .
Direct Skin Stimulation -No Moving Parts
To avoid the necessity for any moving parts (pins, actuators) several researchers experimented with direct stimulation of the neural tissue of the fingertip.
• Electrocutaneous stimulation: The Braille-Display consists of a flat surface with an electrode (monopolar or better bipolar) for every Braille-dot. When the fingertip moves across this surface, active dots (electrodes) will send a well-defined electric current into the user's skin, causing a feeling comparable to a mechanical stimulus.
Unfortunately, many parameters (impedance, conductance and local sensitivity) are subject to temporal and spatial changes and reliable and comfortable stimulation could not easily be achieved [13] . • Electromagnetic radiation by focusing infrared laser light to stimulate deeper skin areas is proposed in [14] . • Electrostatic forces: Locally changing the adhesive shear-forces exerted on the sliding fingertip by applying (well isolated) dot-shaped electrostatic charges [15] .
Reducing the Number of Actuators by Using Moving Elements
A major drawback of mechanical solutions is the number of delicate components needed. In piezo-electric Braille-Displays, each pin has its own actuator, adding up to a whopping 320 actuators in a standard 8-dot display with 40 characters. Newer approaches try to solve this issue by moving other parts of the device additionally or instead of the pins.
• Pins on a disk or drum: Braille characters are displayed on a rotating disk or drum. The pins are set and reset when passing by a group of (a few) actuators (Fig. 2 , left and center [16, 17] ). • Dots on polygon surfaces: Instead of pins shifting up and down in a hole, these inventions place rigid Braille-dot patterns on the 3 or 8 lateral surfaces of three-or eight-sided prisms. Using eight-sided prisms turned out to be space consuming and unsuitable for 8-dot Braille (Fig. 2, right [18] ). The use of three-sided prisms would allow for displaying dots with two different haptic characteristicshowever, the problem of actuating every single dot cannot be avoided this way [19] . The most common configuration for today's Braille-Displays are single lines with 10 to 80 characters. According to a study by Ramstein [20] , lines with 40 Braille-cells allow for the most fluent reading. Shorter lines certainly are less expensive and can be used in mobile settings, however, the reader is forced to frequent backward movements which are time consuming and inconvenient ( Fig. 3, left) . Very long lines ask for extensive arm movements and thus cause unwanted fatigue (Fig. 3, center) . Braille on a disk [16] , on a drum [17] or on the sides of a polygon [18] 
Multiline and Graphic (Matrix) Displays
Efforts to ease reading by displaying multiple lines or even an entire page of Braille reach back until 1981 with the invention of the "Rose Reader" [21] . Commercialization, however, failed due to enormous complexity and costs. Even more recent developments like the "Hyperbraille" with a 120 Â 60 pin matrix (Fig. 3, right) suffer from a price tag between EUR 45,000 and EUR 50,000 [22] .
Static Single-Cell and Virtual Braille-Displays
To make Braille-Displays more affordable especially for developing countries, several researchers tried to reduce Braille-lines to just one single cell [4] . As pins are raised and lowered below a static resting finger, the missing lateral movements lead to very low reading rates and complete loss of spatial orientation along the line of text. To overcome the page or line orientation problem, virtual Braille-Displays have been designed, where one [20] or few [23] Braille-cells can be moved along a virtual line or across a virtual page showing the contents of the location thus addressed.
To simulate lateral skin stimulation Fricke [2] proposed "peristaltic" movements of densely spaced pins and Lévesque [24] laterally moving actuators (Fig. 4, right) . 6 Striving for a New Approach -The "BrailleRing"
The Concept
Starting in 2014 with a basic idea for a robust, pocket-sized and reasonably priced Braille-Display, two students from the TU Wien were successful in proving the concept in their theses [25, 26] and in building an enlarged (2.5:1) prototype. Since then, the concept has been refined and pre-tested by blind users with simple mock-ups. A national patent [27] was granted, international applications are pending. Fig. 4 . Left: Pantobraille [20] ; centre: Braille on a carriage [23] ; Right: lateral stimulation [24] The BrailleRing strives not to replace existing Braille-lines, just as a "Kindle" cannot replace a PC. Moreover, it should become an alternative for those applications where existing technology is too bulky, too heavy, too delicate or too expensive.
The BrailleRing will be small and, nevertheless, capable of showing long lines of text. This is achieved by displaying the Braille-characters on the inside of a rotating ring. While the reading finger rests at the bottom of the device, the user will slide the entire device like a computer mouse across a table surface. By friction the ring will rotate proportional to the speed and direction of the hand movement, letting the Braillecharacters glide beneath the reading finger (Fig. 5, left ).
Realization
Instead of single moving pins, the BrailleRing forms the dot-combinations of Braille by turning small cuboids with rigid Braille-dots on their lateral surfaces. Figure 6 (left) shows the transition from "R" to "H" for the conventional approach by lowering pin 3 (bottom-left corner). In the BrailleRing the transition is accomplished by a 90°c lockwise turn of cuboid 3 (Fig. 6, right) . The 64 combinations of Braille-dots are produced by turning one or more cuboids to the desired position (for 8-dot Braille a fourth cuboid will be added). The turning of the cuboids is achieved in the upper half of the rotating ring when the elements pass by an array of actuators [27] .
Features and Benefits
The BrailleRing has a huge potential to significantly increase the mobility of Braille-Displays. The design allows building very compact devices where the line length is completely defined by the user. A later envisaged motor drive could provide even endless lines. The concept will also increase robustness, making the display more suitable for outdoor activities where humidity, sand and dust could be an issue. If built in such a way that the rotating ring can be changed easily, the user would be able to clean the device on his or her own. Different types of rings can be provided according to specific user preferences (e.g. different shaped or sized dots). It should be possible to build a device with much lower production and service costs than conventional piezoelectric Braille-Displays. Therefore, the BrailleRing should also be ideally suited for a market in developing countries.
Discussion

Present State of the Development
Presently (March 2018), several mock-ups and simulation devices in real size exist or are under development. These aim to understand the reading experience inside a ring and demonstrate the final size of the device (mobile). As the Braille-dots are not formed by moving pins, the BrailleRing will offer much more degrees of freedom in haptic Braille representation. We intend to invest significant efforts to optimize the tactile user experience before the final design.
Another development goal for the second quarter of 2018 will be the search for optimized actuators that are able to turn the cuboids reliably independent of reading speed and direction while at the same time, minimizing the power consumption, which is crucial for a mobile device.
User Involvement and Trials
While the discovery of the mechanism with disruptive potential was serendipitous, a user-centric approach is what steers further development. Before IP protection, user involvement was on a nondisclosure basis, so only one single (blind) Braille expert was included from the outset. This was changed after the patent was granted and user studies started immediately. They can be described in two major phases:
First, through local news reports about the invention, a call for user-participation triggered 25 curious responses by blind people. Around half of them were invited to semi-structured interviews conducted in-person. Simple mockups were used to explore the new way of reading and the concept of a truly mobile Braille-Display.
In the second phase, the list of candidates for user studies grew to 50 by word-ofmouth. Here the user trials will focus on usability, ergonomics and especially on tests with different Braille pattern sizes and dimensions. This is crucial, as some first trialusers mentioned that the felt character to character distance is smaller when read from a concave surface. Afterwards, user studies with an adapted mockup will follow where reading speed and error rate compared to conventional flat Braille-Displays will be measured quantitatively.
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